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ABSTRACT 

The development of the 2.5 megawatt MOD-2 wind turbine generator has 
included an extensive program of testing which encompassed verification 
of analytical procedures, component development, and integrated system 
verification. The test program was to assure achievement of the 
thirty year design operational life of the wind t\xrbine system as well 
as to minimize costly design modifications which would otherwise 
have been req_uired dvtring on site system testing. Computer codes 
were modified, fatigue life of structure and dynamic components were 
verified, mechanical and electrical component and subsyst^s were 
functionally checked and modified where necessary to meet syst^ 
specifications, and measured dynamic responses of coupled systems 
confirmed analytical predictions. It is clear that the importance of 
developmental testing has been demonstrated through the successful 
WDD-2 acceptance testing. 


INTRODUCTION 

The design of the MOD-2 wind turbine generator began in August, 1977 
with final design being completed two years later in Jime, 1979 • Dur- 
ing this period, numerous wind tunnel, material and component develop- 
ment tests were conducted to support the concept, preliminary and 
detail design phases of this program. In conjunction with the fab- 
rication phase and prior to first rotation, integrated system testing 
of critical components were conducted with the objective of design 
verification. These tests were planned so as to verify the fxmction 
and dynamic characteristics of the components in an operating system. 

This paper will describe the development tests and the impact that 
the test results had on component and systoa development. The MOD-2 
wind turbine was designed using state-of-the-art materials and 
manufacturing techniques to reduce the development technical risks and 
eliminate expensive component development tests. Even with this 
conservative philosophy, the following additional tests were required; 
(l) wind tunnel tests to verify analytical load prediction models 
ani aerodynamic configurations, (2) material testing to extend 
fatigue allowables data for steel to 10“ cycles, (3) component 
tests to rerify buckling, fatigue and operational characteristics to 
meet 30 year- life and, (U) integrated sy stem tests to verify component 
design in a dynamic operating environment. 

The MOD-? is a 2.5 megawatt wind turbine generator designed for 30 
years life. The 300 foot rotor is made of a hollow welded steel 
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shell on a steel spar framework. The rotor also toetois at its 
center using elastomeric bearings, and has partial spai. hydraulic 
pitch control to regulate power output. The drive train,’ located in 
the nacelle has a '’soft” quill shaft which is integrated with the 
pitch control system to regulate power quality and reduce oscillatory 
loads in the gearbox and synchronous generator. The nacelle is 
mounted on top of a cylindrical steel tower cantilevered from a 
concrete foundation which places the rotor hub at 200 feet above the 
ground level. 


WIND TUNNEL 

It was recognized early in the conceptual design phase of the MOD-2 
program that wind tunnel testing was necessary to obtain data for 
verifying the MOSTAS computer codes used for the determination of 
rotor blade design loads as well as being used for coupled dynamic 
analysis of a soft-tower wind turbine system. The test program which 
was subsequently conducted had several secondary objectives, in 
addition to the primary objective stated above. Included were (a) 
the comparison of fixed and teeter hinged rotors, and (b) the 
assessment of a rotor utilizing a controllable tip (as opposed to 
i''iil~span) for providing rotor power control. 

A 1/20 mach-scaled model of the MOD-2 WTS as shown in figure 1 was 
designed and fabricated for testing in the Boeing- Vertol 20 x 20 ft. 
V/STOL wind tunnel. The first model was designed to provide both 
hingeless and teetering rotor restraint, as well as incorporating full- 
span pitch control of the blades. Scaling of geometiy, mass, stiff- 
ness and frequency were to be carried out in the model design. When 
it became impossible to scale nacelle mass (due to the weight of the 
model torque absorber system), compensating stiffness was added 
to the tower to obtain the proper frequency relationship between the 
tower and rotor rotational speed. When the evolution of the design 
progressed to the selection of a partial-span, blade pitch control, 
the model was modified to this configuration for a second test. 

The operating wind turbine environment was simulated using a flow 
screen upwind of the rotor which had wire mesh density varying from 
tunnel floor to ceiling. The degree to which the design wind gradient 
was reproduced is shown in figure 2. Blade and tower bending and 
torsion loads were monitored throughout both tunnel tests. 

The significant results of the MOD-2 wind tunnel test programs were 
as follows: 

a) The MOSTAB computer code was shown to provide a good pre- 
diction of power and of steady flapwise and chordwise bending 
moments. However, the MOSTAB program was found to under- 
predict the magnitude of alternating flapwise bending, and 
on the basis of the wind tunnel test results, a factor of 
1.65 was incorporated into the program. 
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b) The teetering rotor vas shown to be superior to the hingeless 
rotor by reducing flapwise alternating moments approximately 
30 %. 

c) The dynamic characteristics of the soft tower concept, coupled 
with a dyneimically scaled rotor, was proven over the operating 
wind speed and rotor rotation speed range. 

d) The MOSTAB and GEM-1 predictions of rotor performance were 
in agreement with test results for the tip controlled 
configuration. 

e) Performance of the tip controlled model compared well with 
that having full-span control. 

f) No deleterious vortex shedding characteristics of the cylindri- 
cal tower occurred throughout the test program. 


MATERUL 

All material testing, aside from (luality assurance tests for material 
acceptance, resvilted from requirements to assure the design was ade- 
quate for thirty years of operation. During its design life, a MOD-2 
wind turbine rotor blade is expected to experience greater than 2 x 10® 
load cycles. Thus fatigue is the major factor in the rotor design. 

No spectrum load fatigue data existed for the materials vinder consider- 
ation (ASTM-A588, A572, and a 633) beyond 1 x loT load cycles. There- 
fore a fatigue test program was initiated early in the concept design 
phase that was to extend the fatigue data base to cover NK5D-2 data 
requirements, i.e. the derivation of fatigue design allowable stresses. 

The rotor is subjected to a spectrum of loadings, namely, thrust bend- 
ing (flapwise) resulting from the variability of the winds with time, 
chordwise bending being basically the once per revolution variation 
of weight moment, and blade axial loading derived from centrifugal 
force and the once per revolution weight variation. 

The MOD-2 rotor blade is an all steel structure, with transverse as 
well as longitudinal weld Joints. All transverse welds on tension- 
fatigue designed surfaces have the weld reinforcement removed and have 
through- thickness inspections, both ultrasonic and radiographic. The 
installation of ribs and spars produce special welding and inspection 
considerations which ultimately affect the design fatigue allowables. 
The weld Joints and their fatigue design allowables are the primary 
design considerations in sizing skin gages and thereby directly affect 
weight and cost. 

The development of the design fatigue allowable stresses has been 
accomplished using the ’’preexisting crack” tolerance approach. This 
approach assumes the statistically determined worst possible defect 
which could escape detection, to exist when the system is put into 
service. The growth of the initial flaw (assumed to be a crack) is 
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described Toy a crack growth model which employs the stress intensity 
concept for characterizing the crack growth. The determination of the 
proper crack growth model to be used was accomplished by testing pre- 
cracked specimens under representative spectrum load conditions and 
correlating the crack growth restilts with the predictions from the 
several growth models that follow. 

(a) A retardation model which accounts for load interaction 
effects and considers all cycles to produce crack growth 

(da/dn) => C(l-R)“(Kmax)“(K/Kol)^ 

(b) A threshold model which considers only those load cycles 
above the threshold to produce damage* 

(da/dn) » 0 for K^Kth 

(da/dn) » C(l-R)^(Kmax)“, for K>Kth 

(c) A combined effects model which accoimts for both threshold 
and load intf*raction effects 

(da/dn) « 0 for K^Kth 

(da/dn) = C(l-R)^(Kmax)“(K/Kol)^, for K >Kth 

The fatigue test was carried on in two phases, the first one involved 
testing eighteen specimens, using variations of the design spectrum of 
the full-span pitchable blade. The second phase involved the testing 
of seven additional specimens to the tip-control load spectrum. Each 
specimen contained a surface flaw introduced by electric discharge 
machining. The specimen was then constant-amplitude fatigue tested 
to initiate a crack at the edge of the flaw (final size .05 inch deep 
by .25 inch long). The specimen was subsequently stress relieved to 
free the specimen of overload retardation effects that may have been 
introduced by the pre-cracking process. Each specimen was tested in 
a machine automatically controlled by computer, which permitted 
programming spectrum load cycles on a 2k hour, 7 day a week basis. 

Analyses of the test results were accomplished by determining the best 
fit to each of the model predictions, figure 3. The combined model 
provided excellent correlation, where as the retardation model under 
estimated the lives of the long term tests, and the threshold model 
underestimated the lives of the short term tests. 

The final crack growth model used for MOD-2 fatigue analysis, for all 
A grade steels is as follows : 

(da/dn) = 0, for K max i K max (threshold) 

(da/dn) * 3'x 10"^°(l-R)^*‘*(Kmax)^’°(Kmax/Kol)^, 
for Kmax > Kmax (threshold) 

FIGURE U 
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COMPONENT 


IV'volopmi'nt t.'iiiii wore eonduetuii to V('rify r.tnt.ic’ ntrimf'tli, rntlKUo f\uU 
opomtjonal ohiirm'torlnt’Kiii of nomponi'iitn to nu'ot a !^0 yoax* lifo 
roipilx'oniont. '.I'ho followlip^ pujvifii'iiplui will ilonorl bo tJu' oonipon«>nt 
ti'r.tii, toiit 1'uiuiltn rind tlioJx’ impnot on uomjioiiont donif'n. 


Oiviok Potootion ' 

'Pliu crack detection syntoin :Incor})oratod In the MOD-L' was doslgnod 
to detect thi'ough thicknerui errurkr. in the rotor blade and siiut the 
wind tui'bine system down prior to catastrojihic failure of the rotor. 

The system basically pumps warm dry air through the blade envelope and 

dumps the air ovei’board at the inboard end, thi'ough an orifice. The ; 

Ilow through each blade orifice is monitoi'ed, and the diffex'ence 

between blade flows is an Indication of the exi stance of anol.her ex- : 

hnusting orifice, a through cxaick. The detei’mination of the minimian 

lengtli ci’ack which could be detected was estimated using design paraxii- 

eters i.o. flow thi'ougli a given sharp-edge orifice. However, the flow 

tlirough a ci-ack like orifice is at best difficult to px-edict, 

espei’lully undei- vax’ious states of stress in the structuxu'. To 

minimise lalse alanns, the ci'itical leakage laite should be x’easonably 

high, yet low enough to provide a comfortable mai’gin between detection 

and stxnictux'al failux'c. Fx'acture t>.mghness testing was roipiii’ed to 

pi'ovide i.he data necessary for assessing the critical crack length 

tor the MOP-.’ blaile matex’ial, wliicli touglmess had been assumed as 

being JfS KsivTTT. i 


Opeinitional Test 

A test was conducted to verify tluit. the MOD-f cx-ack detection system 
possessed adequate s.ensitivity and stability to detect a given ci'ack 
in one x'oi.or blade as well us. to di'ti’ct. malfunction of the system. 
Pecondax'y ob,iectives of tlie test, pi-ogrom wex'e to dett'i'mine the maximum 
pressniv capubillt.y of the blower, the powt'X* consumption of the equip- 
ment, and ability of the system to di-y the air deiivei'ed to the blades. 

Two l.’,|>00 galloi\ tanks were usi*d to simulate t.he air voluini' of tlu' 
two roi.or bl.ades. Cx'acks in i.he blades were simulated l>y use of a 
manual valve and fK'wmeti'r on each bladi' simulai.ox'. Tlie wind tni'bine 
crack dol.oclion system was. located indoors and was connected to i.he 
b l.adi' simulati'i’ tanks, whicli were located out of doox's. 

I'uring tes.ting oi' th<' crat'k detection s.ys.t.em, it was found that, t.he 
bl.'tde I'l'ifict' tubes, had to be shortened ill order to increase the air 
Ilow aiul thus, incrcas.e tlie s.i’tis it i v i t y of the system t.i^ sir flow imt'al- 
anci' Ind-Wi'i'ii blades.. Tin' sys.tem w.as. able to detect malfunct ic'iis such 
as. blower lai lure or air block.'i/'e- A i’ j'sL over piv's.snrt' relit.f v.'ilve 
was- i iK'orporat ed to prevent ovec pres.s.nr i ng the biadiai, and a check 
v.'llve was. .idded to t.lii. d ehnill i d 1 f i c S ollllet. i'lle .ab i I i fy of th(' system 
to deliver ilry ;i i r to the blades w.as confirmed. A system calibration 
proceiluro was ep. i ab 1 i s.lied . 
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Crack Plow Topt 

A crack flow test program was carried out on pre-ci*ackod spociraons .25 
Inches and .50 inches thick. The ohjoctlvo of tho program was to 
experimentally develop a means of determining flow rate through a 
crack in a rotor hlade under varying stroos, pressure differential 
across the crack, and plate thickness for different crack lengths. 

Each specimen became tho closeout panel of a rectangular flow chamber 
in which the pressure was varied by varying tho inlet flow rate. 

Cracks of 9 inches and 12 inches wore tested on the thicker panel, and 
cracks of 12, l8, and 24 inches were tested on the thinner panel. 

The test panels were clamped to the edges of the flow chamber so that 
the application of end loads on the specimen would produce uniform 
stress across the uncracked portions of the specimen. Gross area 
stresses were varied up to 9 Ksi and flow pressures (pressure 
differential across the crack) ranged up to 4 psi. 

The state of stress affected the crack opening and thus the mass flow 
through the crack. The results of the testing indicated that the mass 
flow through a crack would follow the relationship: 

& = 2.T X 10"^(t)“’^^(O)^‘^^(l)^*^°(AP)*^ 


Fracture Toughness Test 

The fracture toughness tests were conducted on two pre— cracked specimens 
fabricated from .25 in. and .50 in. thick ASTM-A572 grade 50 material 
to verify that the assumed toughness was greater than 125 KsiVIn. 
Although the test material was not the MOD-2 rotor blade material (ASTW- 
A633 grade A, desulfurized) because of inavailability, it was felt that 
the differences favored the blade material as having higher toughness, 
and therefore the test results would be conservative. 

The width of each specimen was 60 inches while the pre-crack was 24 
inches long. The specimens were sized to give valid data up to 
125 KsiVin. and conservative results above 125 KsiVltT. Each specimen 
was instrumented with three crack propagation. gages (Type TK040CPC 
03-003), on the same side of the specimen. The first gage was located 
to one side of the crack tip by .08 and the second and third gages 
.08 inches from the fi'st and second respectively. In this manner, 
a stable crack growth of 4.8 inches could be monitored. 

During testing, the center portion of the specimen was enclosed in 
a styrofoam box which acted as a ciyostat. Thus the test portions of 
the specimen was maintained at a temperature of -4o°p, the minimum 
operating temperature for the wind turbine. The test load was applied 
at a rate such that a stress intensity of 125 KsiVln. would be reached 
ill thirty seconds. The .25 inch thick specimen failed at a net area 
stress of 55 Ksi, which was greater than the guaranteed yield strength 
of SO Ksi. The material toughness was well in excess of 225 KsiVin". 

The .50 inch thick specimen failed at a net area stress of 46.2 Ksi 
and an apparent toughness of 188 KsiVin. The average toughness of 
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206 KoiN/riT. for l.ho two apoclmon tests is well in oxooos of tho value 
whioh was to bo vorifiod (l2I? KsiVTrTt). 


Crack Detection System Evaluation 

The mass flow operation developed in the crack-flow test and the frac- 
ture toughness results were used to evaluate the ability of the crack 
deteotion system to detect cracks prior to reaching critical length. 
Figure 5 shows tho relationship of crack-flow, as a ratio of detectable 
flow rate, to the number of days a detectable crack becomes critical. 
The relationship is for the blade station 360 which has the minimtun 
time before a detectable crack becomes critical. 


Rotor Rib Field Joint 


The MOD-2 rotor blade has a field assembly splice at blade radial sta- 
tion 360 which attaches the blade mid-section to the hub throxxgh ribs 
that are welded to both skins and spars. The bolt attachment is 
symmetric about skin and spar. The joint is highly stressed xmder 
fatigue loading, and a test program was conducted to validate the joint 
for MOD-2 design. However, the results of this test provided additional 
substantiation for the crack growth model discussed under material test- 
ing. 

The testing was carried out using an MTS (jfeterial Testing System) 
test machine under the design fatigue spectrum of loads for the joint. 
The results shown in Figure 6 indicate good correlation was obtained 
between predictions and test results. The fatigue analytical model 
was validated and was used to design the field joint of the MOD-2 
with a 30 year life. 


Rotor Blade Static Buckling Test 

The rotor blade has spars at two or three chordwise locations dividing 
the skin into long spanwise panels. Leading edge panels are curved 
in the chordwise direction, while those aft of the front spar are 
essentially flat. Thepanels on the airfoil upper surface are subjected 
to design limit compressive stresses during emergency shutdown in the 
outboard portion, and operating below rated wind with a gust in the 
inboard portion. The MOD-2 structural design criteria requires that 
initial buckling shall not occur at less than 1.35 times the design 
operating compressive stress. 

Blade initial buckling stresses have been analyzed in the classical 
way, using tho general equation, Ocr = KE(t/b)^. Buckling constant 
K is obtained from Boeing Design Manual DM 86 b 1 buckling curves 
for long flat or curved panels with simply supported edges. To 
verify the buckling analyses, and to validate their use for defining 
blade structural allowables, a bending test was conducted on a mid- 
span representative section of blade structure (see Figure T). 
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The hlade section included the field splice Joint at station 36o and 
all structure outboard to station T80 inches. The specimen had a 
special bulkhead at station 78^ to accommodate the load application 
fixture, while the Inboard end was attached to a strong back. The 
loads at station 780 were applied in a combination of transverse 
shear and couple forces calculated to produce initial buckling in 
compression panels at stations 400 and 670 simultaneously. The 
specimen was instrumented with forty-two strain gages and twelve 
electrical deflection indicators. Test loads were monitored and 
contro , ;d using three load transducers. Strain gage data from 
potentially critical buckling areas were monitored continuously 
during testing for any indications of initial buckling. 

The results of the test have verified the conservative nature of the 
initial buckling analysis methods described above. The specimen was 
tested to lU8j? of the predicted initial buckling stress of one of the 
critical panels without buckling. The test results are summarized in 
the table below. 


TABLE 1 

COMPARISON OP TEST DATA 
WITH PREDICTIONS OP INITIAL BUCKLING STRESS 



Analysis 

Test 

Blade Station 

Initial Buckling 

Maximum Measured - 
Test Stress 

4oo 

12,480 psi 

18,500 psi 

670 

8,350 psi 

11,220 psi 


The conservative nature of the blade buckling analyses, as established 
by the static test, has validated their use as part of the wind turbine 
syst^ blade design procedure. 


Rotor Spindle 

The spindle test program vras performed to substantiate the structural 
integrity of the rotor blade spindle and its supporting structure. 

The design requirement to rotate the blade tip section resulted in 
complex structural load paths surrounding a spindle bearing structure. 

A complex finite element stress analysis was performed to evaluate this 
structure. 

The test program objectives were: 

(a) To validate the analytical means for predicting the deflection 
and internal stresses of the spindle and supporting structure. 

(b) To define the areas of high local stresses in the spindle and 
supporting structure, which occur during normal operating 
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oondltiono of the wind, turbino. 

(c) Validate tho operation of tho pitch control oyntom 

Tho toots woro porformod hy mountinp, tho oplndlo nootion of tho hlado 
in a cnntllevored pooitlon and applying oomhinatlonn of flapwino and 
chordwioe loads solocted to produce ono full llfo of fntlguo damage 
on both •'he upper and lower blado ourfacoo. Tho toot opooimon included 
all blado structure between npanwloo stations ll44 and 1360. The 
pitch actuator and supporting hydraulics were also included. Specimen 
test loads were imposed by a series of hydraulic actuators connected 
to the outboard end of the specimen through a rigid adapter fitting. 

A schematic of the test setup and the loads applied are shown in 
Figure 8 and a photo of the hardware and general testing arrangement 
appear in Figure 9* 

Strain, deflection and applied loading data were recorded for all 
test conditions. The instrumentation consisted of 73 strain gages, 

12 deflection transducers, 7 load cells, and one angular potentiometer. 

All test objectives were achieved. The design lifetime (30 years) was 
demonstrated and good correlation was obtained between analytical 
stress predictions and measured stresses. The areas of high local 
stress were identified by analysis and confirmed by test (see Figure 
lO). No additional high stress areas were detected, and all margins 
of safety in the critical areas were equal to or greater than predicted. 


Pitch Control Testing 

Pitch control system testing included the use of the spindle fatigue 
test specimen as a means to functionally test the hydraulic swivel 
in the blade-tip pitch control system. The swivel is that portion of 
the hydraulic supply that provides the connection between the fixed 
portion of the blade at station 1249 and the tip actuator. The 
swivelling motion is from a tip jjosition of -5° to +94°. The testing 
of the swivel Joint included simulated startup, operate, and shutdown 
blade-tip pitch action as well as dithering for extended periods of 
time. During the spindle fatigue test, the control system was active 
and was used to pitch the tip section to operating or critical shutdown 
load positions (5° or +28°). It was also used to maintain a given 
pitch position of the tip during the imposition of the time varying 
test loads. The control system held the pitch position to +.1° 
under load application, thereby validating its design stiffness 

In order to develop and check out proposed changes in the pitch control 
system, open and closed loop frequency response tests were performed 
on the cyclic load test hardware. The tost hardware provided the 
proper pitch actuator hydraulics and simulated tip rotary inertia. 

The objectives of the test were to evaluate proposed changes and op- 
timir.e control system parameters to guarantee a lHa frequency response 
and demonstrate required stability margins. Various control system 
changes were evaluated on a patch boanl to arrive at an improved 
control system. In particular, the beneficial effects of eliminating 
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thn Wntt(n-worl.:i mt.nr, ImpXnm'ttttliip, roi’wiu’d loop oomponimUon and 
oloiiod loop hru'dwaro worn dnmotint.ratml, Tho optimum iu'rvo-dr:l.V"r Rain 
at 0*' and 1!:-“ wan alno dotorml nod , 

Pompiitor nlnmlatlun of tho control nyntom had df>monnl.mtcd that fn- 
.pionc.v I’onponno muot oxhlbit a Rain of aldh t(j +'idb at 1 lln anu 
ont.or' loop ntalclllty rociulron a /'a'n '*•+■ liuint -!> dh at iHn 

doRi'm-n jihano nhll't. Tho tmniifor funut.lon date optfiJ.noil from tin- 
Improved pitch lunitrol nyntem of th<’ oycllc load tout iipoclimm 
natJnfIcd thorn? roiiulnmioiitn. Hardware and n*iftwaro modi f I catlonn woro 
later imitlomontod and oi»tlml»<'<l duvInR nyi'tom Intof'ratlon t«'ittln('.. 


Toc?t.Hr BHurlnr?: 

Tho rotor in ooimootod to thu drive nhaftlnf, throURh a ua'tor hinpt? 
and itu olantomoric radially (tcc?tor) and axially (thrunt) loaded 
botti’inRB. Tho radial boariiiRn react rotor thrunt, rotor driving 
torciiu?, and rotor dead weight loadn. The axial bear'*iign are banicully 
to react rotor dead weight '10^ after the radial toet n* bearin(>;n 
aocompliahed thin tank. 


Qualification Tenting 

The firnt elantomertc teeter bearing was subjected to qualification 
tests by the manufacturer in order to assure bond quality and to 
obtain performance data. 

The soundness of the bonds between rubber and steel shims as well 
as between rubber and hub structure was verified by rotating the 
inner hub ±15° relative to the outer ring structure. This angular 
motion was 2.3 times the expected extremes of travel during bearing 
operation (±6 1/2°). The torsional stiffness of the teeter bearing 
was ascertained at -40°P as well as at room temperature. The results 
of the stiffness tests indicated compliance with bearing design 
specifications. 


Fatigue Testing 

Tho teeter hearings had been designed with methodology developed 
for much smaller bearings used in the helicopter industry, and those 
used in the oil Industry that require application of low st.ress low 
motion design, because of a lack of tm'.t data and experiemu' on 
bccringi! of the MOD-2 sise, !is well as the fact that the li fe require- 
ment was well beyond even hellcopl.c'r eX]u?rlence, it was decided that 
a fatigue test was required. In addition, this test provided data 
for maintenance and ins.pection procedures, lipectnuii testing foj' the 
iXH) X 10^ ui V oT tdic lllc ( would Ic 

out of the question since Ihe operating rotational freiiueiicy is 
L'l.S ci.m. A review of the operating loads and ti'i’ter angle spectnun 
indicated that, at b(>st, bearing testing with applied ioadr. of rated 
driv'’ torque loads in combintitlon wiUi a l.ime varying, rot>.u’ weight 


020 


load an ¥<>11 an a rotation to maximum tootor motion to thn 

toc'tor ntopn) appllod for I' x UV' cynlon would oxpono thn VinarlriR to 
an ('(luJvalnnt 110 yc^ar lifo, 

Tho tout toarlriR wan hoavily inntrujnontod, uning ntmln RaRon on 
tho Inner hul> to m(>amiro tanRontlal and radial ntralnn. Thormocouplan 
wore lo<!at(>(l at fi n.>loot,('d i.iafon In tho hoaririR rulihor an well an on 
the Inner hub. Inntriimontat'lon on tho load applloivtl on armn, in 
oou,lunotlon wi1.h dlni'luoomont trannduenrn , wore unod to (Jetomino 
the turnional and radial nprliiR ratoa of the buariuR. The tent not- 
up In Bhovn in Kif^uro ll. 

ThrouRhout tho; tentinc, the radial opriiiR rate did not vary at all, 
and the torsional uju-iiiR rate had roduocKl '(% by the end <>f tho test, 
well b<‘low the :^0% failure criterion set by the bearing supplier, 
stablliaed temperaturc=!S in the rubber wore approximately 150 P with- 
out fan cooliuR, and i;i5°F with cooling. Design operating temperatures 
will be well below the no- fan colling temperature because design 
operating teeter angles are of the order of -2 to -2 1/2 , not the 
i6 1/2° continuous oscillation sustained during tlie bearing fatigue 
test. 


Hydraulic Reservoir 

The hydraulic reservoir is a tank located on the low speed shaft, 
providing storage for the hydraulic fluid necessary to power the blade 
pitch control. The fact that it is located on the low speed shaft 
eliminates the need for a hydraulic slip ring. However, it did 
require a special type of attachment strxicture so that it maintains 
constant orientation with the fixed system. Thus fluid is extracted 
from the reservoir from a fixed part of the tank. 


It was deteinnined that an operational test was necessary to evaluate 
(a) fluid sloshing at varioxis fluid levels, (b) air entrainment in the 
fluid and its effect on bulk modulus, (c) adequacy of the sealing 
system, (d) adequacy of the fluid quantity indicating system, and 
(e) adequacy of the vetiting system, fluid return, and pump intake 
provisions. 


The test reservoir was a specially designed cylindrical 30 gallon tank 
having t; clear acrylic plastic outer shell, which in turn was rigidly 
mounted to a rotating fixture (Pigure 12). The axis of the reservoir 
and l.ho rotation axin of tho fixture were parallel and neparated by 
SO Inchon. The tia;t ronorvoir contained a nyBtem of bafflen mounted 
on luairlncti and woi^fntod no that tho bafflen maintained an upright 
ponllion dtir Lug. rotation of tho outer nholl and tent fixture. The 
ronorvolr veni. and pump nupply tuben were attached to longitudinal 
baffitat. The hydraulic circ\iit included a flow meter^ circulating 
immp, and an acctunulator for applying flow nurgea in tin* nyt5tc*m 
ridairn line. 


Tt'nt data wan primari ly 


in the f^>nti of photogra]din» vinaml obnervationn, 
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nwi] l-n.l)uln,U on hw\K nu'^^hiliin moatun’onuMit.n. 01nn*rvn.l.Ion t>r nlr 
JMil.rn I nmonl. n.iui t.ln^ )n.nK o\' m (jiliunnH- nnmp Tor no) 1 t'ot-Um oT w/ii-or 
Hii<l tlli’l I’ojuiH.od In (lo}tlr;n t.lio prvnim»Uou nynlonu Tho 

p!MulunUi>ti in now l.iMinnloii mouiitoi), wll'lunil lni,ornn.l lin.rrion. 

A rol.iirn 1 hn» Imn lu^ n I nnorpomt.od t.o innluno inrhii I (’nin» 

n.iul Hoi’Hl.lon, Tln» iuilk ino(hilnn romn.liio(l onn(»nUnl ly nonni-nni. Un'oii/*;h- 
o\il. Uio l.cnl. n.ml riuiil iHonhlniT wnn vll.liln Itmlt.n \ip l.o W HVIA (i^ptn’Ml," 
liip; \\\% in i'f.'O* 


iir wu*lu),s^ Toni 

hil. 1 (ou' ‘P('ni 1 n/*; 

Tho opJnryoUn (’nuinbox iu‘l(‘nl.ovl Tor l.ho n\\ 

din;l(’;n ('onnopl bul ;1 t.n LorqiU' l.miujml ivUn/l cupubHi ty wan tmpi’ovod by 
POCV;* and :i l.n now dcurl/’in llVv wur» Uilriy yonrn* Ib'omino llu* napab H 1 1. 1 on. 
i'xl.c'un. lo!\ wM.n bt'yond tho otirtuMil n. l.n;l.o*-o(‘-t.lio-urt , a qual i IM oat. iot\ 
ln*n.l wan» di'omoii ni'oi>n.nary to viuvi Py prodloi od porformanot' paramotoi’n • 

Tin' nt' loot. I'll l.on.i. molhod wan a baol‘;-to-.baok l.ont in whii'h l.wo oomploit' 
(U'arboi^i'n. and t.hoii* Inbri oaUon nynl-i'tun would bo ootu\ool.od in oi'dt'V 
to im^nnu' t.ho hi^^b inpul. lorqtion. oP \,\w oporatnliU': wind l.urblno (Vienna' 
,1.0 . Tho hif.h i‘.[)i'od output. ndiaPtn woro oviinu'otod via way oP a to.rnion 
ba!% whi lo tdio lonqiu' I'oaot.ionn W('i*o l.hrou^di tho low n.pood n-haPt 
Planf.on., an. both low n.pot'd n.haPi. I’laiipn'n. woro t;iod to^';ot.hor* Tlu' 
tort; Ion bar proloail wan vu-iMod t.hrou^'lhoui tho t.ont t.o prov.ido ntiiiulaiod 
drivo I itio powor vuiMal-ionn in opi'railon, A drivi' motor wan ('onnootod 
to tho out.put. nhaPt. oP ono oP t.ho (’loarboxt'n. , providing ‘t.ho jrotai.lonal 
npood oontro.l • Tho p,oarn ol' OiU' of tl\o boxon. wt'Oi' niu'ain 
monii.or tho tooth n. t.ronnon. t.hroUf';hout tho prof,rtmu 

Tablo i' pr^>vidon t-hi' n.pc'ot.ruiu oporat.inp'; oondit.iont; {>imulai.<.'d .in 
thin, ta'int. pro^';ram, Purinr tlu' l.c'n.t, pro^^rnm, it. wan dotorminod that 
<?;oar locd.h bi'udinp, ntj-onnon woro wv'll bo low AGMA prod i ot lonn. • Gl ipdit 
modi IM oat. lonn> t.i) tho Pirnt nturo holloa.1 i'loar:; h'ad I'orrootion auf';li' 
had l.o bo mado, and it n.hould bo notod tdiat had a Pull load t.ont not 
boon oouduot.i'ii, n.uoh a doP.ioionoy would haw (^nu' unnol.i ood. 

Plroot iiu'anui'omotitn. ol* r^'*^** l.rain oppi o i,otu\y , p,oa.iTn'x broakaway torqiK', 
itoiiU' lovoln aiul vibrat ion obaraot.i'rin.tion woro mado t.hrourhout. t.lu' 
ton.).. 

An a ta'inili. ol* t.ho baok-l.o-bav'k t.i'n. I prop.rum, tin' t'atir.ui’ i*a,t.h\('; oP tho 
^’loarbox wan. n.ubn.t ant. lat od up t.o o\* d('n. Iru mt.i'd t.oi'quo. 


Vi li rat. ion ihii'voy 

Kunulnr oP tin' p.oai'box at n.oro toi'quo durinr, t.ho baoK- to-ba.i'k loavl 
t.rn.t', M I'apid buililup op luu' i n.ont.a I vilu'at. ion al I .nil.ptit. KPM wan. 
oxpo r i otinovl • Tlu' n.yn.l.oin nan n.moolhly up t.o 1 vUiO KPM with t.ho n,p- 
plioati\.'U oP only I'-o I'P I'at ovi torviuo. It. wan. iiot.«'rm i n« ‘d tlnit. t-ho 


gearbox third otago plunot paosago froquonoy wao rooonant with the 
tf)ot ntand yaw/latc?ral natural froauenoy. At low torc^uo levels, 
thf.' third otago planets find sun of this gearbox are free to move off 
their rotating center, causing unbalance at the planet passage 
frequency. 

The gearbox mount lateral stiffness was determined from subsequent 
tir.ts, Anulysio of the gearbox as installed in the MOD-2 nacelle 
prudieted, natural frequencies well in excess of 2600 RPM. Therefore 
no mount vibration problem at planet passage frequency was expected. 
This was subsequently confirmed in int('gration testing of the installed 
gearbox. 


TABLE 2 

LOAD-ROTATIONAL SPEED SPECTRUM 
GEARBOX BACK-TO-BACK TESTING 

TORQUE i%) RPM(^) time (HOURS) 


0 

50 

1 

0 

100 

1 

15 

100 

1 

^+5 

100 

1 

75 

100 

10 

no 

100 

10 

155 

100 

100 

0 

130 

0 


INTEGRATED SYSTEM TESTING OF COMPONENTS 

Pitch Control System 

During preliminary design, it was recognized that a test program was 
necessary for the evaluation of the blade pitch control system, end 
to end, prior to wind turbine system evaluation in the field. The 
assembly ol the nacelle, including the complete drive train and the 
nacelle control unit (NCU) was planned to be completed well in advance 
of the rotor. Therefore it was necessary to design and fabricate 
a rotor simulator to be attached to the first nacelle— drive so that the 
pitch control cou Ld be functionally evaluated against a rotor load. 

The rotor simulator also permitted the rotation of the drive system 
at various RPM to assess electronic control through the rotor slip 
ring and hydraulic sysl.em functions under centrifugal loading. A 
field test unit (ftU) provided the means to input electrical signals 
which would simulate data sensed by those wind turbine sensors to 
whii'h the control system would respond (wind speed, rotor speed, and 
yaw position). 


Normal and emergency shutdown as well as normal operations were simula- 
ted an<l several control sysi.em hardware deficiencies were observed: 

(a) a valve in the rotor hydraulic control manifold leaked, and (b) 
a control system servo valve malfunctioned. Subsequent reder.igns 
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replaced both valves with more reliable components. All control 
oystem responses to simulated operating loads were verified. 

Pitch Control Rotor/WTS 

^e pitch control system was ground tested on the rotor and later 
during system integration testing with the nacelle and tower. The 
ground tests with the rotor (rotor stand-alone) were per?orm;d Tith 

supports with the blade tips free^o move. The 
objective of the rotor stand-alone tests was to demonstrate that tL 
pitch system design modifications, introduced to resolve hydraulic 

weie Uncovered during the rotor simulator tests, 

oi ^ integrated into the wind turbine system. These tests 

opportunity to test the pitch control system with 
tins modifications including actuators, spindles and blade 

rite* included emergency feather rate, controlled 

All iitch 8vstem*^+i^+^*^'^ position error and frequency response tests. 

^ requirements were met during rotor stand- 

The same series of pitch control system tests were repeated with 

All ivitL^tei+^^®'^ nacelle, during integration testing. 

wlihTi ? f vere successfully completed and compared favorably 
with soand-alone results shown in Figure l4. ^ 

Modal Survey 

Modal survey testing of wind turbine systems and their components is 
an ^ortant part of the deaign and testing process. The 

is an effective way to insure that the wind turbine subsystems meet ^ 
perfoimance expectations. >^£>yt>bBias meei; 

alternative testing techniques, it was concluded that 

conducted with the rotor and nacelle 
installed on the tower in the operational configuration. The 

Srecuf "incIudiHf sn® measured 

y, including all coupling mechanisms vhich were hard to mbdel. 

The testing approach selected involved the use of a HP i>lt51B Modal 

technique involved impacting the wind turbine at a 
prescribed point with a 1000 lb. instrumented ram and recording the 
Z?Zr f accelerometers. The Impact load transient f„d the 

response signals were simultaneously recorded and fed into the HP 5451B 
MAS to determine mode shapes, frequencies, and damping. The overaU^ 

FouHJfTrin Processing and the Fast 

Fouri .r Transform (PFT) to obtain transfer function data and then use 

ol a least-squared error estimator to identify modal properties from 
the transfer function data* i i i-^o irora 
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A r*(un'iai;iy doivl^^iuni 1000 Hi, vtm \mw Inatnumnitoa with a Vorco 
lnuuul\ua^r 1n Hr. luvx(i, Tiu' tvun wni: rrom tho p;ln polo uood I'or 

McM)-;’ iM'oot.iort ami al.lovod to ImpatM < ‘u> b1.a.iio l.lp. To liuuiro a 
pri>por ,Iinf)ai't, l.lio ram waa oonat.ral noU to follow a oablo, t.hrough 
t-ho oontivr of tlu' taj\^ot dtar. 

To oxoi t.o tho r> ip.ni.lM rani, modon of intoront, tho impart forro mur>t 
bo of jaiffitMont mannitudr and dural. lotu Tho ram wan ralibratod boforo 
tho modal iuirvi\y by varying’; i.ho atiffnoan of tho ram Impart hoad 
( i.nt.i'rrhant^abi o fOvam inibbor padr.) and vaiyinf, the awing length to 
develop approximately 1000 llu with ;'00 ma duration. 

Tho modal frequenrioa and damping resulting from the modal survey are 
shown In Table Tlie data ia a dirert otitpui. of the HP Fourier 

Analyser Oyatem with tho t'xreption of rhordwiae bending, nacelle pitch 
and drive-train torsion modes wliirh were deti'mined by supplemental 
means. 

Tho data gathered during the MOD-;'* modal sui'vey tests verified the 
aril! ovement of reqxiired system design frequencies. In particular, the 
d r 1 V o t- r a in, t owe* r and b 1 a d e mo do s w e re i di' n t i f i e d and s hown t 
moot sy stem frequency placement and separation . The measxired 
damping provided assurance that design damping assumptions were reason- 
ab I o. 

TABLE S 

MOn-:^ MODAL BUKWY RESULTS 


Froq . ( P ) 


Dtunping (^) 


Tool or 


0 . 1 )| 




Drive Train Torsion 


0 J4ti 


0 J4S 


Tower bot\ditig FtU'e/Aft 


1 .;’l4 



l.O 

Towt'r BtMiding Lateral 




1.Y8 

l4.;- 

Flaf> Betiding P>ym. 


•i.oo 


d . do 

0. V- 

Ohoiai Bonding i\vm. 




b. .1 Y 


Flap Bonding Antisym. 


4'. l4‘' 


0 ♦ b*' 

1 .0)| 

Flap Bonding ;hui Bym. 


Y.Y l 



0.Y{< 

NaotOlo PIt.oh 
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SUMMARY AND CONCLUSIONS 
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{h) vor I r.i ivit.l on oi* r*l-ntlo oupa]i.i 1 i ty ^ (*>) atuunu; 

tnvIUoul load pathu, and (lO l'\mctlonal vorl float, ion. Tho oompinuavt 
and Intof, rated nyntt'm tontn dtnu'rilu'd in tlun paper had oiu' of or 
eomblnatlonn of thetu* ohjeet.t v<'n. 

(\nnpoiuMit tent-luf^ war» v I t»a.l to Uu' development of the MOD-;^ wind tuiivine 
nyr*t('m beeaune the tent.n ]>rovlded early vinihillty to der>it’;n problems 
and provided the data required to develop nound deni^^n no hit I one. 

The denlr;n defieienelen brouid^t to lifjit by thene tentn were 
promptly correeted, thereby avoid eontly retrofits durinp» the 
eheokout and aeeeptanee testn of the nyntem. MOD-I.^ eheekout and 
aoeept.anoe phanen have proeeeded on a fanter nohedulo than antieipated, 
and in for the most part due to the eomponent. and intei^rated nynt.em 
testintx described In this paper. 


NOMENCLATURE 

C = Constant 

K = l^tress Intensity, Ksl 

lunax = Maximum tH.ress Intensity of the t^pecifie Load Cycle 
(Sum of S'teady and Alternating Stresses), Ksl 
Kol = Miiximum Stress Intensity in the Spectrum of Stresses, Ksi 

Kth = Strt'ss Inl.ensit.y Tiireshold (Stress Below Whicli Pamage is 

Not. Produced) , Ksi 
1 1 = Kxponent. 

Ar 5= Pressure Pifferentlai Across Panel, ps! 

R ~ Stress Ratio, Minimum Stress/Maximum Stress 

dii/dn = Crack Growth Rate in Inches/Pycle 

I - One Half of Crack Length, Inches 

m = Exponent 

tit = Airflow, in Cubic Keet per Mlttute (St.M Conditions) 

n = Kxponettt. 

t. = Plate 'Vhickness, Inches 

O = Gi'oss Area tU-ress in Plat.e, Ksi 
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• Each bar represents a test data point 

• Except as noted the test material was AB33 
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FIGURE 3. CORRELA TION OF TEST AND PREDICTED RESUL TS 


• Model derived from spectrum load test results 

• Model is good for all A grade steels 

• Model applicable to all wind turbine spectra 


Crack growth model 



Log spectra 

FIGURE 4. FATIGUE ALLOWABLE MODEL 
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=LOW RATE 

DETECTABLE aOW RATE 




FtGUfiE 5. CRACK DETECTION SYSTEM CAPABILITY FOR MOD-2 
BLADE STA TION 360 BASED ON A FLOW 



INSTALLATION 
IN TEST MACHINE 
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• 

Fillet eree ttreii (tni) 

18,000 

18,200 

• 

Initial flaw length (in.) 

0.248 

0.234 

• 

Predicted fatigue life 

17,000,000 

17,000,000 



Cycles 

Cycles 

• 

Test Specimen Life 

18,983,754 

21,161,277 



Cycles 

Cycles 


FIGURE 6. ROTOR BLADE FIELD JOINT TEST 


FIGURE 7. BLADE STA TIC BUCKLING TEST 



FIGURE 8. SCHEMA TIC OF SPINDL E FA TIGUE TEST SETUP 
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FIGURE 14. CONTROL SYSTEM RESPONSE TO INPUT COMMAND 
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